macroH2A is an H2A variant with a highly unusual structural organization. It has a C-terminal domain connected to the N-terminal histone domain by a linker. Crystallographic and biochemical studies show that changes in the L1 loop in the histone fold region of macroH2A impact the structure and potentially the function of nucleosomes. The 1.6-Å X-ray structure of the nonhistone region reveals an ␣/␤ fold which has previously been found in a functionally diverse group of proteins. This region associates with histone deacetylases and affects the acetylation status of nucleosomes containing macroH2A. Thus, the unusual domain structure of macroH2A integrates independent functions that are instrumental in establishing a structurally and functionally unique chromatin domain.
The compaction of DNA into chromatin is an important regulator of DNA accessibility. The nucleosome core particle (NCP), the fundamental repeating unit of chromatin, plays a central role in the regulation of transcription, replication, and repair. An important emerging mechanism to alter the fundamental biochemical composition and characteristics of chromatin is the substitution of major-type core histones with histone variants (18) . This may be achieved by structural alterations in the NCP and/or in chromatin higher-order structures that are brought about by the amino acid sequence differences between the histone variants and their corresponding core counterparts (9; for an example, see reference 28). macroH2A1, with a molecular weight of ϳ40 kDa, is almost three times the size of major, replication-dependent H2A and is unique among known histone variants due to its unconventional tripartite structural organization (23) . The N-terminal third of its amino acid sequence (amino acids [aa] 1 through 122) is 64% identical to major H2A. A C-terminal nonhistone region (aa 161 through 371) is linked to the histone homology domain via a linker region (aa 123 through 160) (Fig. 1A) . The C-terminal nonhistone region in itself exhibits amino acid similarities to members of a functionally highly diverse group of proteins that exist in organisms ranging from bacteria and archaea to eukaryotes, and its function remains unknown (24) . macroH2A preferentially localizes at the inactive X-chromosome of mammalian female cells, where it may contribute to the maintenance of transcriptionally silent chromatin (7) . Recent studies indicate that macroH2A-containing nucleosomes are repressive toward transcription (4, 25) . Here, we have combined X-ray crystallography with biochemical and mutational studies to better understand the biological function of macroH2A.
MATERIALS AND METHODS
Expression and purification of histone proteins and reconstitution of nucleosomes. All histones were overexpressed in BL21(DE3)-plysS (Stratagene) and purified using previously published protocols (17) . The histone domain of macroH2A (aa 1 to 120; macroH2A-HD), together with mouse H2B, H3, and H4, was refolded to a histone octamer (macrooctamer). This was reconstituted onto a 146-bp palindromic DNA fragment derived from human ␣-satellite regions (␣-sat DNA) (16) using salt gradient dialysis (8) , resulting in macro-NCP. Milligram amounts of macro-NCP were heat shifted and purified by preparative gel electrophoresis using published protocols (8) .
Crystallographic procedures for macro-NCP. macro-NCP was crystallized using salting in vapor diffusion at NCP concentrations ranging from 8 to 12 mg/ml with salt concentrations of 34 to 37.5 mM KCl and 40 to 45 mM MnCl 2 . The crystals were soaked in 24% 2-methyl-2,4-pentanediol-5% trehalose and frozen in liquid nitrogen as described previously (16) . Data were collected at Advanced Light Source (Lawrence Berkeley National Laboratory) on Beamline 8.2.2. Data from a single crystal were processed using Denzo and Scalepack (22) . Molecular replacement was performed using Protein Data Bank entry 1AOI as the search model. Molecular replacement and subsequent rounds of refinement were performed using a crystallography and nuclear magnetic resonance system (CNS) (27) . The program O was used for model building (11) . The veracity of the model was checked using SA-OMIT maps for critical regions during various stages of refinement and a composite omit map at the end.
Expression and purification of the nonhistone region of macroH2A. The coding sequence for amino acids 180 through 367 of macroH2A was subcloned into pGEX4T2 and transformed into BL21(DE3)pLysS. The transformed cells were used to inoculate 6 ml of 2ϫ tryptone-yeast extract medium in the presence of ampicillin (50 g/ml), chloramphenicol (34 g/ml), and 5% glucose and grown to turbidity. This primary culture was transferred to a 100-ml culture in the presence of the same drugs as above and 5% glucose, grown for 1.5 to 2 h, and then amplified to 3 liters. The culture was then allowed to grow at 37°C until it reached an optical density (at 600 nm) of 0.4 to 0.6. Expression was induced with 0.4 mM isopropyl-␤-D-thiogalactopyranoside (IPTG), and the protein was expressed overnight at 25°C. Bacteria were harvested by centrifugation and were resuspended in 1/10 the volume of lysis buffer (150 mM NaCl, 5 mM EDTA, 20 mM Tris HCl [pH 7.5], 1 mM dithiothreitol [DTT], 1 mM benzamidine). This suspension was then flash frozen in liquid nitrogen and stored at Ϫ20°C. The cell suspension was thawed at 37°C and sonicated, the insoluble portion was spun down, and the supernatant was loaded on 1/10 the volume of preswollen gluta-thione S-transferase-agarose beads and rocked overnight at 4°C. Beads were washed in 3 volumes of phosphate-buffered saline, followed by 3 volumes of Pre Scission protease buffer (50 mM Tris HCl [pH 7.5], 150 mM NaCl, 1 mM EDTA, 1 mM DTT). Pre Scission protease (60 to 70 l for every ml of swollen beads) was added, and the beads were rocked overnight at 4°C. The supernatant contains the nonhistone region of macroH2A without the glutathione S-transferase tag. The beads were washed with 3 volumes of Pre Scission protease buffer. All the washes and the elute were then analyzed on a sodium dodecyl sulfate-18% polyacrylamide electrophoresis gel. The protein was concentrated to 5 to 10 mg/ml and loaded on a Superdex-75 10/30 (size exclusion) column. Fractions were pooled and concentrated to ϳ25 mg/ml to be used in crystallization screens.
Crystallographic procedures for the nonhistone region. The nonhistone region of macroH2A (aa 180 to 367) was crystallized with 28% PEG 2000-0.2 M ammonium sulfate-0.1 M sodium acetate, pH 5.9. Heavy atom derivatives were obtained by cocrystallizing the nonhistone region of macroH2A with potassium dicyanoaurate [KAu(CN) 2 ]. Data were collected for both native and gold-derivatized crystals at Advanced Light Source (Lawrence Berkeley National Laboratory) on Beamline 8.3.1 to resolutions of 1.6 Å and 2.1 Å, respectively. Phases were obtained by Multiple-Wavelength Anomalous Dispersion in a two-wavelength experiment. Phases were extended to 1.6 Å using the data from the native crystal. Denzo and Scalepack were used to index and scale the data (22) . Experimental phases were obtained using the program SOLVE/RESOLVE (31) . We then performed multiple rounds of refinement and manual rebuilding using the CNS (27) and O (11) programs.
Plasmids for immunoprecipitation. Gal4 nonhistone region (G4-NHR) fusion constructs were done as follows: the coding sequence of aa 160 to 371 or 180 to 371 was amplified by PCR with primers creating restrictions sites and inserted in the pCDNA-Gal4 plasmid. Site-directed mutations were introduced with the QuikChange site-directed mutagenesis kit (Stratagene), using G4-NHR 160-371 and G4-NHR 180-371 DNA as templates.
Gene reporter assays. Cos cells were transfected by the calcium phosphate coprecipitation method with reporter plasmids pGal4-TK-luciferase (1 g) and pCMV-␤-gal (200 ng) as internal controls and 0.5 g of expression vectors for G4-NHD constructs, Gal4 DNA-binding domain alone (G4-BD), or an empty vector. Forty-eight hours after transfection, luciferase and beta-galactosidase activities were measured on Cos extracts using the luciferase (Promega) and beta-galactosidase (Clontech) reporter assay systems according to the manufacturer's instructions. Luciferase values were normalized with respect to betagalactosidase values.
Immunoprecipitation. Cos cells transfected by the calcium phosphate coprecipitation method with 3 g of Gal4 fusion constructs and 3 g of pFlag HDAC1 were lysed 48 h after transfection in LSDB buffer (20% glycerol, 3 mM MgCl 2 , 50 mM HEPES [pH 7.9], 0,1% NP-40, 1 mM DTT, and protease inhibitor cocktail [Complete Mini EDTA-free medium; Roche] containing 500 mM or 800 mM KCl [LSDB500 or LSDB800, respectively]). After centrifugation, the lysate was incubated with 1 g of anti-Gal4 antibody (RK5C1; Santa Cruz) for 1 h on ice. Protein G-Sepharose beads (Amersham) were then added and incubated at 4°C for 1 h. After 3 washes with LSBD500 or LSDB800, complexes were recovered by adding Laemmli sample buffer and analyzed by Western blot analysis.
Immunoprecipitation of macroH2A-associated chromatin was performed similarly, except that cells transfected with 5 g of expression vectors for hemagglutinin (Ha)-H2A or Ha-macroH2A were lysed in radioimmunoprecipitation assay buffer (50 mM Tris-HCl [pH 7.4], 1% NP-40, 0.25% Na-deoxycholate, 1 mM DTT, protease inhibitor cocktail) followed by sonication (100 J) in order to obtain chromatin fibers around 600 to 1,000 bp and that immunoprecipitations (IPs) were performed with an anti-Ha antibody (high-affinity 3F10; Roche). Washes of immunoprecipitated complexes were performed in radioimmunoprecipitation assay buffer. 
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To analyze histone deacetylase (HDAC)-chromatin interaction, nuclei of murine erythroleukemia cells were prepared and lysed in a buffer containing the following: 25 mM HEPES (pH 7.9), 10% glycerol, 600 mM KCl, 0.1% NP-40, 0.5 mM DTT, and 1 mM phenylmethylsulfonyl fluoride. The extracts were then sonicated (200 J) in order to generate chromatin fragments of about 400 bp, as shown by analysis of the DNA by electrophoresis on agarose gel. After centrifugation, immunoprecipitations using anti-HDAC1, -2, or -3 antibodies (Santa Cruz) were performed on the supernatants. Immunoprecipitated complexes were washed three times with the lysis buffer, eluted by denaturation in Laemmli buffer, and analyzed by Western blot analysis for the presence of macroH2A, HDAC1, and HDAC2.
Crystallographic coordinates and structure factors. The crystallographic coordinates and structure factors have been deposited in the Protein Data Bank under numbers 1U35 for the macro-NCP structure and 1YD9 for the nonhistone region of macroH2A.
RESULTS
macro-NCP differs from nonvariant NCP primarily in the L1 loop. The amino acid sequence of the histone domain of macroH2A (amino acids 1 to 122) is only 64% identical to major H2A from both Xenopus laevis and Mus musculus (Fig.  1A ). There are two particular regions of sequence divergence that have the potential to cause structural and functional differences. First, the ladle-shaped H2A docking domain formed by H2A amino acids 83 through 108 is involved in an extensive interaction interface with one-half of the (H3-H4) 2 tetramer and guides the N-terminal helix of H3 (H3 ␣N) to interact with the penultimate 15 base pairs of the nucleosomal DNA. Second, the H2A L1 loops form the only interface between the two H2A-H2B dimers within a single NCP, perhaps facilitating the cooperative incorporation of the second H2A-H2B dimer in the NCP. This interface seemingly holds together the two gyres of the DNA superhelix and may thus play a role in regulating the dynamic behavior of nucleosomes.
We determined the crystal structure of the NCP reconstituted from mouse histones including the histone domain of macroH2A (amino acids 1 through 120; macro-NCP) to 3.0 Å resolution (Table 1) . A representative region of the final electron density map is shown in Fig. 1B . The region of macroH2A-NCP shown differs between macroH2A and major H2A in residues 83, 84, and 88, which correspond to residues 80, 81, and 85 in macroH2A (L-I, Q-L, and R-A, respectively), and these differences in sequence were clearly visible in the initial electron density map. Despite the significant sequence differences between Xenopus laevis and mouse core histones in general and between Xla-H2A and macroH2A in particular, the structures of macro-NCP and Xenopus laevis NCP (Xla-NCP) are superimposable with a root mean-square deviation of Ͻ1Å. Figure 1C and 1D shows a superposition of the two structures in two different orientations. The path of the DNA is highly similar to that observed in major NCP (consistent with DNase footprinting experiments [1] ); however, it shows significant differences in the way in which macro-NCP responds to the crystallization-induced stretching of the short half of their DNA (see references 21 and 29 for a general discussion of this phenomenon), which facilitates the compensation of the 1-base pair deficiency in length that is a direct consequence of the use of an even-numbered (146-bp) DNA fragment. While in all the nucleosome structures reported till now, the long and short halves of the DNA exhibit identical orientation throughout the crystal lattice, in the case of macro-NCPs, their relative orientation is indiscriminate. A convolution of these two orientations therefore results in electron density maps that show only 145 base pairs. The histone domain of macroH2A interacts with H2B in a manner very similar to Xla-H2A. Major interactions between the ␣2 helices of the two histones are maintained. There are no major differences in the proteinprotein or protein-DNA interactions, with the notable exception of the L1-L1 interface between the two macroH2A moieties ( Fig. 1C and D and 2A and B) .
In Xla-NCP, the L1-L1 interface is stabilized by two intermolecular salt bridges between Glu41-Asn38Ј and Glu41Ј-Asn38 (Fig. 2C) . These interactions are replaced in macro-NCP by two sets of hydrophobic interactions. Lys37 is sandwiched between Tyr38 and Pro36Ј and by interactions that are related via the axis of pseudosymmetry of the NCP, and Lys37Ј is sandwiched between Tyr38Ј and Pro36 (Fig. 2D) . Together, these structural changes render the L1-L1 interface in macro-NCP less flexible and more hydrophobic, with potential effects on the stability of the histone octamer. In contrast, the interactions between the macroH2A HD -H2B dimers and the (H3-H4) 2 a R merge ϭ ͚ͯI h Ϫ ͗I h ͯ͘/͚I h , where I h is the mean of the measurements for a single hkl and R merge is merging R-factor, which is the sum of the differences of all measurements from the average value of the measurement divided by the sum of all measurements.
b Residues included in each histone subunit: for H3, aa 38 to 135; for H3Ј, aa 38 to 135; for H4, aa 24 to 102; for H4Ј, aa 20 to 102; for macroH2A, aa 14 to 119; for macroH2AЈ, aa 14 to 119, for H2B, aa 30 to 22; for H2BЈ, aa 27 to 122. The remaining histone tails were too disordered to be included in the final model.
c R-factor ϭ ͚ͯF obs Ϫ F calc ͯ/͚F obs , where R-factor is the overall agreement between amplitudes of two sets of structure factors, F obs is the observed structure factor amplitude, and F calc is calculated amplitude from the model. 1A). These substitutions do not result in structural changes in the histone main chain at the docking domain (Fig. 3A) . In Xla-H2A, residues Leu83, Gln84, and, in particular, Arg88 appear to be essential in stabilizing the conformation of the docking domain in the absence of the (H3-H4) 2 tetramer (Fig.  3B) . In macroH2A, these residues are changed to Ile80, Leu81, and Ala85 (Fig. 3C) . The absence of the four hydrogen bonds that are being made by H2A R88 (Fig. 3B) is compensated for by a small hydrophobic interface between the unique macroH2A residues I80, L81, and I99 (Fig. 3C) . Interestingly, the acidic side chains of H2A (E56, E61, E64, D90, E91, and E92) that form a pronounced acidic patch on the surface of the NCP are all conserved in macroH2A. This surface is essential for crystal contacts (16) and represents the most distinct surface characteristic that is present in all major-type NCPs.
Overall structure of the nonhistone domain of macroH2A (aa 180 through 367). To gain insight into the function of the nonhistone region of macroH2A, we determined the structure of the region from amino acids 180 to 367 to a resolution of 1.6 Å. Although the nonhistone region spans a region between amino acids 161 and 367, we used the region between amino acids 180 and 367 for crystallographic studies (Fig. 1A) because we observed degradation over time in the region between amino acids 161 and 180 during the crystallization of a fragment encompassing amino acids 161 to 367, indicating that this portion is at least partially disordered. Multiple-Wavelength Anomalous Dispersion phases were obtained from a gold-derivative to a resolution of 2.1 Å and were extended to 1.6 Å using a native data set. The structure was refined to a crystallographic R-factor of 23.5 (free R-factor ϭ 26.0) ( Table  2) . A representative region of the final electron density map contoured at 2 is shown in Fig. 4A .
The domain falls into the ␣/␤ class of proteins with a sevenstrand ␤-sheet and five ␣-helices (Fig. 4B and C) . There are four molecules in the asymmetric unit. The region between amino acids 180 and 208, which has been predicted to be a leucine zipper based on sequence analysis (24) , constitutes the first two strands of the seven-strand ␤-sheet (Fig. 4B and C) . The ␤-sheet is protected on one face by ␣-helices, while the other face remains partially solvent exposed ( Fig. 4B and C) and exhibits an extended hydrophobic region ( Fig. 4D and E) . This hydrophobic patch includes residues 182 to 185 (FTVL) and residues 355 to 359 (IGIYV). No regions of distinct surface charge were observed (Fig. 4D) . The nonhistone region of macroH2A showed sequence homology with the widely found A1pp domain, which was found in a wide variety of other proteins and biological contexts. Additionally, it exhibited structural similarity with proteins without discernible sequence homology. For example, the regulatory domain of leucine aminopeptidase has the highest degree of structural similarity (Dali Z-score, 10.8), yet its sequence is only ϳ11% homologous. The wide variety of species and biological contexts in which this domain is found strongly suggests that this fold is functionally very versatile and allows much room for speculation about its function. The nonhistone domain of macroH2A interacts with HDAC1. macroH2A1.2 is found in high concentration on the inactive X-chromosome of female mammals, which resembles heterochromatin, and is also found to be generally repressive to transcription (7, 25) . We hypothesized that macroH2A may recruit one or more activities that may be responsible for the altered state of covalent modifications on heterochromatin, such as HDACs, as well as repressive histone lysine methyltransferases. We independently expressed three class I HDACs, HDAC1, HDAC2, and HDAC3, and one histone lysine methyltransferase, Suv39h1, together with the nonhistone region of macroH2A (aa 160 through 370). We found that both HDAC1 and HDAC2 but neither HDAC3 nor Suv39h1 efficiently interacted with the nonhistone region of macroH2A (Fig. 5A) . In this experiment, Cdyl (chromodomain-Y-like), previously shown to interact with HDAC1/2 and Suv39h1 (6; unpublished results), was used as a positive control. HDAC1 and HDAC2 are found together in major HDAC complexes and are functionally distinct from HDAC3. These data confirm these functional distinctions.
We created deletion and point mutants to determine the regions that are important for the association between the nonhistone region of macroH2A and HDAC1 (Fig. 5B) . Both the N-terminal (residues 182 to 185 -FTVL) and C-terminal (residues 358 to 362; IGIYV corresponding to and identical to residues 355 to 359 in macroH2A1.1) amino acid sequences that contribute to an extended hydrophobic patch on the surface of the nonhistone region participate in stabilizing macroH2A-HDAC1 interaction (Fig. 5C and D) . IP experiments show that the replacement of both regions with charged residues affects the stability of the interaction and partially relieves the repressor activity of the domain. However, in vivo tests (transcriptional repression) showed that contribution of the C-terminal hydrophobic residues is critical in the repressor activity of the nonhistone region, since the m2 mutant showed the same repressor activity as the double mutant m1/2 (Fig.  6A) . These data suggest that although the m2 mutant interacts efficiently with HDAC1, there are enough structural alterations to affect the repressor activity of the domain. We also found that the interaction depends in part on the region between amino acids 160 and 180 which is not included in the present structure. The deletion of this region significantly affects the stability of macrodomain-HDAC1 interactions (Fig.  5D) and completely abolishes the repressive activity of this domain (Fig. 6A, S-Wt) . Importantly, we see a potential connection between the macroH2A-mediated recruitment of HDACs and the hypoacetylation of chromatin. Indeed, the immunoprecipitation of Ha-tagged macroH2A-containing chromatin showed that the presence of macroH2A in oligonucleosomes coincides with a hypoacetylated state of H3 in the region (Fig. 6B and C) . We confirmed that similar quantities of nucleosomes and histones have been immunoprecipitated after analyzing a fraction of the immunoprecipitated materials on a sodium dodecyl sulfate-polyacrylamide electrophoresis gel (Fig. 6C , silver-stained panel and input panel of the Western blot analysis). These same materials were then used to test H3 acetylation. This blot was then controlled by anti-H3 and anti-H2A antibody, which showed that the loading and transfer were correct.
In order to confirm the association between macroH2A-containing nucleosomes and HDAC1/2, oligonucleosomes generated after the sonication of murine erythroleukemia cells were immunoprecipitated using anti-HDAC1, -2, or -3 antibodies on the supernatants and the presence of macroH2A and HDACs was monitored by Western blotting (Fig. 6E) . Please note that HDAC3 migrates at the same position as the immunoglobulin (Ig) heavy chain band and that the immunoprecipitated protein could therefore not be visualized by Western blotting (data not shown). We found that macroH2A coimmunoprecipitates with endogenous HDAC1 and HDAC2 (Fig.  6E, upper panel) . This strongly indicates that macroH2A and HDAC1/2 coexist in chromatin under physiological concentra- tions of the two proteins. Our study therefore suggests the possibility that the nonhistone region of macroH2A may play a vital role in heterochromatin formation by recruiting class I HDACs.
DISCUSSION
We have shown that structural and biochemical differences between NCPs containing the histone-like domain of macroH2A and those reconstituted with major-type H2A can largely be reduced to a 4-amino-acid region in the L1 loop that connects two ␣-helices of the histone fold domain of H2A or macroH2A. The nature of this interface is completely altered in macro-NCP, and these changes are responsible for a less stringent requirement for high ionic strength to hold the histone octamer together in the absence of DNA (S. Chakravarthy and K. Luger, manuscript in preparation). An altered inflexible L1-L1 interface may make the macro-NCP more refractory to the machinations of the transcriptional machinery. In vivo targeting studies, which were guided by results obtained from biochemical and structural analysis, showed that 4 amino acids in the L1 loop are to a large extent responsible for the in vivo targeting of macroH2A to the inactive X-chromosome (Dmitri Nusinov and Barbara Panning, personal communication). This is reminiscent of the situation with H3.3, where single amino acid changes between major H3 and H3.3 are sufficient to channel these histones to replication-dependent and replication-independent assembly pathways, respectively (2). It is likely that specific chromatin assembly and exchange factors, like those found for histone H2A.Z (14, 15, 20) and H3.3 (30), will be found for other histone variants, including macroH2A, and it will be of interest to see whether the regions pinpointed in this study are responsible for targeting specificity. The structure of the nonhistone region of macroH2A (aa 180 through 370) exhibits a compact ␣/␤ fold without extending surface loops and a rather nondescript surface charge distribution including a large hydrophobic patch. Based on in vitro results, we propose that this domain may be involved in the recruitment of HDACs. This conclusion is further corroborated by the fact that H3 was found hypoacetylated in chromatin regions containing macroH2A nucleosomes. These observations are compatible with recent work that shows that macroH2A is localized to hypoacetylated regions of chromatin, e.g., the inactive X-chromosome (7) and the pericentric heterochromatin (10) . The recruitment of HDACs is correlated with the hypoacetylation of chromatin and repression of transcription of a reporter gene. Mutating the hydrophobic residues to charged residues partially relieves this repression. It has also been suggested that the macrodomain may have an enzymatic function based on sequence homology with a diverse group of proteins containing the A1pp domain (from the Appr-1Љ-p processing enzyme YBR022Wp in Saccharomyces cerevisiae) (19) . While this has not been confirmed experimentally for macroH2A, the notion is supported indirectly by recent results showing that the macrodomain in a variety of proteins (including macroH2A) has a high affinity for monomeric and polymeric ADP-ribose, a known intermediate in several vital cellular pathways (12) . Structural studies with the archaeal protein AF1521 showed a fold remarkably similar to that of macrodomain shown in this study and also a similarity with the P-loop containing nucleoside triphosphate hydrolases (3) . Also remarkable is the degree of sequence conservation seen in regions that were determined to be important in ADPribose binding (12) . It will be interesting to see if ADP-ribose binding has any influence on the ability of macroH2A to act as a recruitment platform for other chromatin-associated proteins such as HDAC. Site-directed mutagenesis of the conserved regions that facilitate ADP-ribose binding should answer some of these questions in the near future. In spite of the wide range of sequence and structural similarities, it is important to keep in mind the possibility of an entirely novel modus operandi for macroH2A.
Together, our data suggest that the incorporation of macroH2A has two effects on chromatin. First, it may locally affect nucleosome structure and stability as well as the propensity of macroH2A containing chromatin to be remodeled through specific sequence changes in the histone domain, most notably in the L1 loop. Second, the nonhistone region may be involved in the recruitment of nonhistone-chromatin-associated proteins such as HDACs, thereby altering the acetylation state of histone tails, with possible effects on higher order structure.
